Introduction
The single type of spike glycoprotein of influenza C virus contains all biological functions responsible for attachment of the virions to specific receptors on the host cell and for penetration into the cell by membrane fusion. In addition the glycoprotein was found to possess a receptor-destroying enzyme activity (Vlasak et al., 1987; Herrler et al., 1988; Formanowski & Meier-Ewert, 1988) . Therefore the name HEF has been proposed for the influenza C virus glycoprotein (Herrler et al., 1988) standing for haemagglutinin, esterase and fusion protein.
In influenza A and B viruses these functions are divided between two surface glycoproteins, the receptor-binding and fusogenic haemagglutinin (HA) and the receptordestroying neuraminidase (NA) (reviewed by StuartHarris et al., 1985) .
For the influenza C virus, glycoprotein N-acetyl-9-Oacetylneuraminic acid has been shown to be the receptor determinant for attachment of viruses to cells (Rogers et al., 1986; Herrler & Klenk, 1987) , whereas N-acetylneuraminic acid is the essential component for influenza A and B viruses. Therefore, the receptor-destroying enzyme activity of influenza C virus is a specific acetylesterase releasing O-acetyl residues from position C-9 of sialic acid (Herder et al., 1985) rather than a neuraminidase as in influenza A and B virus.
The role of the glycoprotein in the fusion process was deduced from the observation that infectivity of the virions depends on proteolytic cleavage of a precursor glycoprotein (HEF0) (Herder et al., 1979) into two subunits with M r values of 65K and 30K (Herrler et al., 1981 ; Sugawara et al., 1981) . Neither haemagglutination nor esterase activity depend on this activating cleavage (Herrler et al., 1988) .
Influenza C viruses were found to cause fusion of cells and haemolysis of chicken erythrocytes only under acidic conditions (Ohuchi et al., 1982; Kitame et al., 1982) . Therefore, it was proposed that influenza C virus enters the cell via the endocytic pathway and subsequently fuses with the membrane of the endosome after its acidification (reviewed by White et al., 1983; Wharton, 1987) . The glycoprotein undergoes a conformational change at low pH, which can be shown by the susceptibility of the low pH structure to trypsin digestion (Formanowski & Meier-Ewert, 1988) . A similar conformational change of the HA of influenza A viruses has been described (Skehel et aL, 1982) . Morphological (Ruigrok et al., 1986 (Ruigrok et al., , 1988 and spectroscopic studies (Skehel et al., 1982; Wharton et al., 1988a) of the HA revealed a relative movement of structural domains during the conformational change rather than a loss of secondary structure.
Changes in morphology of the low-pH-treated HEF observed by electron microscopy were found to be 0000-9292 © 1990 SGM comparable to those described for the HA of influenza A virus. The glycoprotein spikes are less well ordered on the surface of the influenza C virus at low pH and the characteristic hexagonal structure disappears (Hewat et al., 1984; Formanowski et al., 1989) . The low-pH-treated glycoprotein is thinner and longer than spikes at neutral pH. An increase in hydrophobicity is evident since bromelain-released HEF (BHEF) and HA (BHA) both aggregate into rosettes at low pH. As was demonstrated for the BHA of influenza A virus (Skehel et al., 1982; Daniels et al., 1983 ) the extrusion of the hydrophobic N terminus of the smaller subunit, HEFz, may also cause rosette formation of BHEF at low pH. The hydrophobic nature of this N-terminal region, generated by the proteolytic cleavage into the mature form, suggested a role in the membrane fusion process (Herder et al., 1981 ; Pfeifer & Compans, 1984) as is the case in influenza A and B virus. Furthermore, synthetic peptides homologous to the fusion peptide of the HA were found to possess fusion activity (Lear & DeGrado, 1987; Wharton et al., 1988b) .
In this paper we describe the fusion characteristics of different influenza C virus strains using haemolysis of chicken erythrocytes and a resonance energy transfer procedure. The comparison to fusion activity of influenza A and B viruses shows differences in the kinetics of the fusion event and in the conformational change of the molecule at low pH.
Methods
Cells. MDCK I cells were grown in Dulbecco's minimum essential medium containing 10% (v/v) foetal calf serum.
Viruses. The following influenza C virus strains were used: C/Taylor/47 (C/TAY/47), C/Ann Arbor/I/50 (C/AA/1/50), C/Yamagata/64, C/Johannesburg/I/66 (C/JHB/I/66), C/Bavaria/79, C/Greece/79 and C/Kansas/79. Viruses were grown in 10-day-old embryonated chicken eggs or in MDCK I cells as described previously (Formanowski & Meier-Ewert, 1988) . Uncleared glycoprotein of MDCK I cell-grown virions was cleaved in vitro with 10 gg/ml TPCKtreated trypsin (Sigma). Influenza A/X-31 and influenza B/Hong Kong/8/73 viruses were grown in eggs and purified as described by Skehel & Schild (1971) .
Fusion assay. Fusion of virus with small unilameUar liposomes was monitored by resonance energy transfer as described by Wharton et al. (1986) . This method measures the decrease in energy transfer between two fluorescent probes embedded in the liposomal membrane, which occurs when liposomal lipids are diluted by viral lipids after the fusion event, pH was adjusted by addition of 0.15 M-citric acid pH 3.5. All fusion experiments were done at 37 °C.
Haemolysis. The haemolytic activity of the influenza C viruses was determined as described by Kitame et al. (1982) . Briefly, 200 p,l virus suspension or allantoic fluid containing 128 HAU/ml was incubated with 1 ml of a 2% solution of chicken erythrocytes in phosphatebuffered saline (PBS) pH 7-4 for 30 min at 4 °C. After a low-speed centrifugation the pelleted erythrocytes were resuspended in 1 ml saline buffered with 50 mM-MES at various pHs and incubated at 37 °C for 60 min. The optical density of the supernatant of the incubation mixture was measured at 540 nm, For the time course, samples were taken at the times indicated and neutralized with 1 M-Tris before centrifugation and determination of the ODs~0.
Low pH and trypsin treatment. Virus preparations were adjusted to
various pH values by adding 0-1 M-citric acid pH 3 and incubated at 37 °C, After the times indicated the pH was reneutralized with 0-5 MTris and the samples were treated with TPCK-treated trypsin (Sigma) for 15 min at room temperature in a ratio of 1:40 (w/w) of trypsin to glycoprotein (Ruigrok et al., 1986) . The reaction was terminated by the addition of equimolar soybean trypsin inhibitor (Sigma) and the samples were analysed by SDS-PAGE.
Tryptophan fluorescence. The tryptophan fluorescence of isolated glycoproteins was monitored using a Perkin Elmer MPF-4 spectroftuorimeter as described by Wharton et al. (1988a) . Excitation was at 288 nm and emission measured at 350 nm. Both excitation and emission slit widths were set at 5 mm. Protein solutions were 20 ~tg/ml in PBS and the pH was lowered by addition of citrate buffer.
Electron microscopy. Micrographs were taken under low dose and accurate defocus conditions (Wrigley et al., 1983 ) using a Jeol 1200 EX microscope. Samples were negatively stained with 1% (w/v) sodium silicotungstate pH 7.
SD~PAGE. This was done according to Laemmli (1970) in a BioRad Mini Protean II dual slab cell. Proteins were analysed under nonreducing conditions in 12 % polyacrylamide gels and stained with 0-1 Coomassie Brilliant Blue R-250.
Results

Fusion and haemolysis activity of influenza C viruses
Fusion and haemolysis activities of influenza C viruses are triggered by low pH. Table 1 summarizes the pH values of half-maximal fusion with liposomes and haemolysis of chicken erythrocytes of different influenza C virus strains and a representative influenza A strain (X-31, H3N2). In all cases fusion occurs at slightly higher pH values than haemolysis, probably reflecting different sensitivities in the method. The pH for the different strains varies between 5.6 and 6.1 for fusion and between 5-1 and 5.7 for haemolysis with chicken erythrocytes. The activity of fusion and haemolysis at different pH values is shown in Fig. 1 for strain C/Bavaria/79. The pH range of fusion is broader compared to haemolysis and starts at pH 6.5, whereas haemolysis is detectable at pH values below 5.5. After reaching an optimum the rate decreased with decreasing pH for both fusion and haemolysis activities. This effect was also seen with other influenza C virus types but not with influenza A virus .
Time course of fusion and haemolysis of influenza C viruses
The time course of fusion and haemolysis activities of influenza C viruses revealed a time delay which becomes shorter at lower pH (Fig. 2) . This time delay was found to be characteristic for the influenza C viruses and was not seen with influenza A or B viruses (Fig. 3) even with the latter viruses at higher pH values (not shown). Fusion of influenza A and B viruses with liposomes was essentially complete 3 to 5 min after adjusting the pH. For influenza C/JHB/1/66 virus fusion was slower and was only complete 10 min after pH adjustment (Fig. 3) . At lower pH values influenza C viruses showed fusion characteristics similar to those of influenza A and B viruses in that there was no lag before onset of fusion (Fig. 2) , for example with the C/AA/1/50 strain fusion was at a comparable rate to influenza A and B virus fusion at pH 5-1 which is 0-9 below the pH of half-maximal fusion for C/AA/1/50. Although the fusion lag is characteristic for all influenza C strains tested, there is variation in the length of the lag period.
Correlation o f fusion and haemolysis to the conformational change of the glycoprotein at low pH (i) Trypsin susceptibility
To investigate the time course of the conforrnational change of the glycoprotein at low pH, influenza C/JHB/1/66 virions were incubated at different pH values and after reneutralization the susceptibility of the glycoprotein to proteolysis was analysed (Fig. 4a) . The extent of susceptibility to trypsin digestion was compared to the amount of membrane fusion at these pH values (Fig. 4 b) . No trypsin susceptibility was seen at pH 5-7 although significant membrane fusion activity was seen at this pH. At pH 5-4 the HEF became trypsinsusceptible between 5 and 10 min of incubation; however, approximately 70% of the HEF was not degraded even after a 30 min incubation at 37 °C. At pH 5-1 the onset of trypsin susceptibility was between 2 and 5 min and 90Y/o of the protein was degraded after 30 min. At this pH membrane fusion occurs after a lag period of approximately 1 min. Therefore there are situations where membrane fusion can occur without significant glycoprotein trypsin susceptibility. Additionally, it can be noted that fusion activity at pH 5-1 is clearly lower than at maximum fusion activity at pH 5.4.
(ii) Tryptophan fluorescence of the isolated glycoprotein When the pH of a solution containing influenza A virus BHA is lowered the endogenous tryptophan fluorescence of the protein decreases as a result of the conformational change (Wharton etal., 1988a) . Fig. 5 shows the decrease of fluorescence of BHEF at 350 nm with time after lowering of the pH to the various values indicated and incubation at 37 °C. Unlike the case with influenza A virus where the decrease in fluorescence is extremely rapid, the decrease in fluorescence of BHEF at pH 5-55, 5.25 and 5.0 levels offonly after about 10 min incubation (Fig. 6 ). Thus this is further evidence that the conformational change of BHEF is slow compared to that of the influenza A virus haemagglutinin. Another difference to influenza A virus is that with BHEF the extents to which fluorescence decreases at 350 and 335 nm are very similar. With the BHA the decrease at 350 nm is much larger than that at 335 nm indicating that the conformational change results in exposure of partially exposed tryptophan residues (Wharton et al., 1988a) . With BHEF there appears to be exposure of both buried and exposed tryptophan residues.
(iii) Morphological studies Besides the susceptibility of the glycoprotein to proteolysis, the conformational change is obvious in the disappearance of the characteristic hexagonal structure on the viral surface. During the fusion assay of the C/JHB/I/66 strain at pH 5.2 the percentage of hexagonal structure was checked after different times by electron microscopy. The disappearance of hexagons began 2 min after lowering of the pH, and 20~o of the original amounts of hexagonal structures could be found after I 0 min of incubation ( Fig. 7 and 8) . No detectable loss in hexagonal structure could be observed for influenza C virions with uncleaved precursor glycoprotein (HEF0) even after 30 min at low pH (Fig. 8) . The rate of disappearance of the hexagonal structures closely relates to the rate of fusion at this pH (Fig. 7) .
Discussion
In the present study we have investigated the fusion characteristics of various influenza C virus strains in order to compare them to those of influenza A virus.
The pH values for half-maximal fusion and haemolysis varied for the different strains between 0-5 and 0.6, respectively. In all cases haemolysis occurred at slightly lower pH values than fusion. The reason for this is unclear. One possible explanation is that the chicken erythrocytes used in this study are not readily haemolysed by influenza C viruses (Ohuchi et al., 1982) so that lower pH values may be needed for significant haemolysis; e.g. for the C/TAY/47 strain it was shown that the haemolysis pH with human type A erythrocytes is closer to the fusion pH. Natural isolates of influenza A viruses also exhibit differences of approximately 0-7 pH units in the pH of fusion (Huang et al., 1981) . In addition, high-pH-fusing mutants of the X-31 strain of influenza A virus have been obtained by growing virus in the presence of the weak base, amantadine, and sequence analysis has identified regions of the molecule which are involved in the 50 ~ conformational change (Daniels et al., 1985) . Many of the amino acid substitutions involve a change in charge, primarily in HA2. As the three-dimensional structure of the BHEF is not yet known, no such analysis can be done with this protein. However, comparison of the published sequences of HEF show that C/TAY/47 and C/AA/1/50 differ from C/JHB/1/66 by six and seven residues, respectively, in the HEF2 region of the molecule and C/TAY/47 differs from C/AA/1/50 by three residues (Buonagurio et al., 1985) . Additional strains of influenza C virus would have to be investigated in order to see whether there is any significance in the fact that the two earlier strains fuse at a higher pH than the latter strains, particularly as, unlike the case with influenza A viruses, changes in influenza C HEF do not accumulate with time and variants derived from different evolutionary pathways cocirculate (Buonagurio et al., 1985) .
For influenza C viruses a lag before onset of fusion could be observed after lowering the pH, and this delay was shorter with decreasing pH. It is possible that the close packing of the spikes on the viral surface, obvious in the lateral inter-trimeric contacts of the spike molecules leading to the characteristic hexagonal arrangement on the viral surface (Hewat et al., 1984; Formanowski et al., 1989) , hinders the conformational change. On the other hand, it could also be that a cooperative event; whiekwould lead to a sigmoid curve of fusion activity, is needed becausea change in more than one spike molecule is necessary to induce fusion as was proposed for the HA of influenza A virus (Doms et al., 1985; Blumenthal et al., 1989) . This could also explain the observation that isolated glycoprotein showed no haemolysis of erythrocytes at low pH (Herrler et al., 1988; Formanowski & Meier-Ewert, 1988) . For detergent-isolated HA of influenza A virus haemolysis and fusion at low pH could be demonstrated (Sato et al., 1983; Wharton et al., 1.986) and ex, en the bromelainreleased HA showed a reduced rate of haemolysis but no fusion activity .
Alternatively, lags in kinetics are characteristic of a slow build-up of an intermediate, compatible with the slow nature of the conformational change of influenza C virus HEF. The conformational change of influenza A virus HA is much more rapid, being essentially complete within 5 s at pH 5 at 37 °C (Stegmann et al., 1985; S. A. Wharton, unpublished observations) and no lag in fusion is observed. The rate-limiting step of influenza A virus fusion appears to be a step in the membrane fusion process whereas with influenza C virus the rate-limiting step appears to be the conformational change in the glycoprotein, as demonstrated by the correlation of hexagon disappearance and tryptophan fluorescence with fusion activity.
Protease susceptibility, however, occurred at pH values which were clearly lower than those for optimal fusion. Therefore it may be possible that the conformational change of the influenza C virus glycoprotein is a biphasic process leading from the neutral form to the fusogenic form, and at lower pH values or longer incubation times to the trypsin-sensitive form. The fact that fusion and haemolysis activities decrease at the lower pH values where maximum trypsin sensitivity could be observed suggests that the trypsin-sensitive conformation may not be identical to the fusogenic form. However, the conformational change to the fusogenic form covaries with the loss of hexagonal structure and decrease in tryptophan fluorescence.
The results presented above show that although both influenza A and influenza C viruses fuse ceils at low pH there are quite significant differences both in the kinetics and the pH dependence of fusion. The fact that the conformational change of influenza C virus HEF is slow may mean that the molecular mechanism of the membrane fusion process may be easier to study in this system because fusion intermediates may be observed more readily.
